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Optimizing Airport Capacity Utilization in Air
Traffic Flow Management Subject to Constraints
at Arrival and Departure Fixes

Eugene P. Gilbo

Abstract—This paper formulates a new approach for improve- departures within Europe were delayed by more than 15 min
ment of air traffic flow management at airports, which leads to  [2]. The situation in Europe is especially complicated since

more efficient utilization of existing airport capacity to allevi- . . o .
ate the consequences of congestion. A new model is presented,ts airspace structure is distributed over a dozen independent

which first considers the runways and arrival and departure countries.
fixes jointly as a single system resource, and second considers It is clear that the phenomenon of growing traffic demand

arrivals and departures simultaneously as two interdependent shoyld be met by a concomitant improvement in airport ca-

processes. The model takes into account the interaction between . . . .
runway capacity and capacities of fixes to optimize the traffic pacity. The FAA conducts extensive analysis and coordinates

flow through the airport system. The effects are achieved by Several projects to attack the problem.
dynamic time-dependent allocation of airport capacity and flows Possible measures for increasing airport capacity are dis-

between arrivals and departures coordinated with the operational ;ssed in [1] and [3]. The long-term programs include con-

constraints at runways and arrival and departure fixes as well struction of new airports and expansion of runway svstems
as with dynamics of traffic demand and weather. Numerical P P y Sy

examples illustrate the potential benefits of the approach. at existing airports. The short-term programs consider new
operational methods in traffic flow management and capacity

utilization as potentially effective measures for improving the
existing capacity resources. Recent analysis showed [4] that
optimization of the present airport system by the operational
and technological measures might result in increasing current

NABILITY of airport and airspace capacity to meet theraffic flow by up to 50%.

growing air traffic demand is a major cause of congestion This paper considers operational measures for increasing
and extremely costly delays. Severe congestion during pegffic flow at airports. The work reported in the paper has
periods when traffic demand exceeds available capacity Bgren conducted in the scope of the Advanced Traffic Man-
came the everyday reality in the United States and Weste{ement System (ATMS), the FAA research and development
and Central Europe, as well as in some parts of the Pacifigogram that explores, prototypes, and evaluates new concepts
Rim. According to a Federal Aviation Administration (FAA)in air traffic management automation. The ATMS products
report [1], in 1991 23 major U.S. airports experienced mokge implemented in the operational real-time Enhanced Traffic
than 20 000 h of annual aircraft flight delays each. The avera@inagement System (ETMS), an automated system which
airline operating cost of 1-h delay is $1600, which implies ag,pports the strategic management of air traffic in the United
average annual loss of $740 million for the 23 airports. Theiates. The ETMS has been installed and used in all FAA
projected growth of the traffic demand will make the situatiopprTcc's (Air Route Traffic Control Centers) and TRACON's
worse in_ the near future if no actions are undertaken f?ferminal Radar Approach Control Facilities).
cgpacny |mprovements. For example, by 2002 the_ num_ber OfCongestion problems occur at an airport whenever traffic
airports with more than 20000 h of annual delays is prOJeCt%I%mand exceeds the available capacity. Currently the ETMS

to increase from 23 to 33 '_f t_he capacity is kept on the CurreN/fonitor/AIert functionality identifies congested periods by

level. The total annual airline losses for these airports (%mparing traffic demand and capacity for each 15-min in-

today’s cost of dglays) Would be more than $1 billion. berval. Traffic managers strategically control the traffic and
Europe faces similar if not more acute problems. In 199

due to airport and airspace congestion, 23.8% of internatiorqgfowe the congestion problems by delaying some flights with
a ground delay program so that the flow at the airport system
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In [5], a new operational approach to the optimization of Arrival Fixes Departure Fixes
traffic flow at airports was proposed. The key element of {pE, 7L Howvia i
the approach is consideration of airport arrival and departuret viari: QTT??::QFI : :
capacities as interdependent variables whose values depend on :

arrival/departure ratio in the total airport operations. In contrast™ > _ e Al |
to the conventional representation of airport capacity by two »\ Runway op, |
separate constants (one for arrival capacity and the other for ...  owuw! AR System : DFs

Flow via Fix 3

departure capacity) the airport capacity is represented in [5] ——>—llIH
by an arrival-departure capacity curve, which determines a set  * :
of paired values “arrival capacity—departure capacity” in the ™™™ s i ilgmt
entire range of arrival-departure ratos. U

The method, presented in [5], is based on the joint consid- Arrivals
eration of Fhe ar_rlval and departure processes gt the airport and
on the optimal time-dependent allocation of arrival and depar-
ture capacities during an assigned time period. The allocatifg. 1. The arrival-departure scheme of an airport and its fixes.

reflects the dynamics of arrival and departure demand and

weather. In other words, the optimization procedure mutualijepartures) during congested periods at the airport, how to
matches available capacity and traffic demand. The methegktribute the arrival and departure flow over the fixes at each
however, was applied only to runway capacity. It did nofs.min interval, and how many flights are to be delayed and
consider the restricted capacity in the near-terminal airspa€g: how long.
in particular, the capacities of arrival and departure fixes. To estimate the efficiency of optimal solutions provided
This paper presents a new optimization model which coBy the model, extensive numerical calculations have been
siders the airport (runways) and arrival and departure fperformed at the Volpe National Transportation Systems Cen-
capacities jointly as a single system resource. The incomitig [7]. In this paper, we reproduce a fragment of these
flow passes through the arrival fixes before landing, and tBelculations as illustrative examples. In particular, the effects
outgoing flow passes through the departure fixes after leaviag illustrated in the examples calculated for a congested 3-h
the runways. The model takes into account the interactiperiod at the Chicago O’Hare International airport (ORD).
between runway capacity and capacity of fixes to optimize This paper has been organized as follows. Section Il de-
the traffic flow through the airport system. scribes a general scheme of arrival-departure system of a
In general, the total capacity of fixes is greater than thsngle airport. A mathematical optimization model is presented
airport runways’ capacity. Therefore, one might think that i Section Ill. Section IV contains numerical examples.
case of congestion, the runway capacity, not the capacity of
fixes, limits the maximum throughput at the airport system. Il. ARRIVAL—DEPARTURE SYSTEM OF A SINGLE AIRPORT
This is true when the traffic demand is distributed more or o simplified operational scheme of a single airport system
less evenly over the fixes. However, extensive analysis of reght reflects the arrival and departure processes at the airport
traffic at major airports showed that traffic demand, especiallyq s fixes is shown in Fig. 1.
arrival traffic, is not always evenly distributed over fixes [6]. The system comprises, ; arrival fixes AF,nys departure
There are time periods when some fixes are overloaded whilgss DF, and a runway system. There are two separate sets of
others have very small demand. For example, at Chicaggival and departure fixes located in the near-terminal airspace
O’Hare International Airport, the demand over arrival fixegrea (50—70 km off the airport) so that the arrival fixes serve
is often imbalanced because the traffic comes in waves duriggly arrival flow, and the departure fixes serve only departure
the day, first westbound and then eastbound, due to the tifiy. The runway system on the ground serves both arrival
difference between the east and west coasts. It may happen #af departure flows.

during these periods the fixes, not runways, create a bottleneckhe arrival flights are assigned to specific arrival fixes,

Flow via Fix ngg

Departures

at the airport system and limit the total traffic. and, before landing, they should pass the fixes. After leaving
During periods of congestion it is very important to properlyunways, the arriving flights follow the taxiways to the gates at
coordinate and fully utilize runways and fixes. the terminal. The departure flights, after leaving the gates, are

The optimization model presented in this paper can be useshded for the runways, and, after leaving runways, go through
by traffic managers and controllers as an automated suppb# departure fixes. The departing flights are also assigned to
tool for suggesting optimal strategic decisions on flow managée specific fixes.
ment at airports during periods of congestion. In particular, for The arrival queues are formed before the fixes (see Fig. 1).
a given time period, runway configuration, weather forecasthis means that the flights which passed through the fixes,
and predicted arrival and departure demand for runways amdist be accepted at the runways. If there is an arrival queue,
fixes (input data), one can determine an optimal strategy farcertain amount of flights should be delayed. Some of them
managing arrival/departure traffic at an airport (output), i.eare to be delayed in the air and some of them on the ground at
how many flights can be accepted (arrivals) and releast@ departure airports. The departure queue is formed before
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v | dep. cap. The traffic demands for the airport and fixes are given by
20 the predicted number of arriving and departing flights per each
15-min interval of the time period of interest.
trade-off area .. . . .
154 An optimization model for managing arrival and departure
traffic at a single airport system is now presented.
10 [ll. M ATHEMATICAL MODEL OF A SINGLE AIRPORT SYSTEM
> A. Notation
arr. cap. T Timt_e periodlof interest, consisting of
0 15 110 115 . N dlscrete—'ume. intervals of length
(e.9.,A =15 min); T'= NA.
@ I={1,2,---,N} A set of time intervals.
v, dep. cap. o= |!{¢(1) (u), (/)(2)
201 (u), -, oM ()} A set of M airport capacity
curves that represent the opera-
15 tional limits for all runway
configurations under various weather
conditions.
107 ¢i(u) An arrival-departure capacity curve
that determines the airport operational
5 limits at theith time interval;; (u) €
o
arr. cap. Tt Number of arrival fixes.
0 '5 1'0 15 u ndf Number of departure fixes.
(b) J={1,---,n.s} A setof arrival fixes.

Fig. 2. Airport arrival-departure capacity curves.

o
the runway system, and flights can be delayed either at their .
gates or on the taxiway.

The arrival and departure fixes have constant capacitiest's,
(service rates), which show the maximum number of flights
that can cross a fix in a 15-min interval (or other interval).
These capacities determine the operational constraints in the;
near-terminal airspace.

The operational limits on the ground (runways) are char-
acterized by arrival capacity and departure capacity. Thesed?
capacities are generally variable and interdependent.

There are a number of major airports with runway configu-
rations that practice the tradeoff between arrival and departureX’
capacities. For these configurations the arrival capaciand
departure capacity are interdependent and can be represented
by a functional relationship = ¢(u). Generally, the function  X;
is a piecewise linear convex one. Graphical representation of
the function on the “arrival capacity—departure capacity” plane
is called the airport capacity curve [5], [8]-[10]. Fig. 2(a) Y}*
illustrates a 15-min capacity curve with the tradeoff area. The
representation of airport runway capacity through the capacity
curves is a key factor in the optimization model.

For a runway configuration, which is not able to perform Y;
the tradeoff, the capacity curve degenerates into a rectangle
[Fig. 2(b)]. There is no tradeoff area, and the runway configu-
ration has constant arrival and departure capacities regardless;
of the arrival-departure ratio. In Fig. 2(b), the arrival and
departure capacities are equal to 15 and 17 flights per 15 miny; = ¢;(u;)
respectively.

K':{L...’ndf}

A set of departure fixes.

Capacity of thejth arrival fix cor-
responding to theth interval at the
airport,t € 1,5 € J.

Capacity of theith departure fix cor-
responding to theth interval at the
airport,i € I,k € K.

Arrival demand through theth fix
for theith time interval at the airport,
1e€l,jeJ

Departure demand through theh fix
for theith time interval at the airport,
telke K.

Queue at thejth arrival fix for the
beginning of theith time interval at
the airport,i € 1,5 € J.

Total airport arrival queue at the be-
ginning of theith time interval,; =
1,2,---,N + 1.

A fraction of the departure queue at
the airport at the beginning of the
ith time interval, caused by thkth
departure fixg € I,k € K.

Total airport departure queue at the
beginning of theith time interval,
i=12,-,N+1.

Airport (runways) arrival capacity at
the sth time interval,i € I.

Airport (runways) departure capacity
at theith time interval,i € 1.
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wf Flow through thejth arrival fix for C. Dynamics of Arrival-Departure Processes
the 4th time interval at airport; € at the Airport System
N 1,jeJ i The following equations and inequalities determine the
Zi Flow through thekth departure fix gynamics of arrival and departure processes at the airport
for the ith time interval at airport, ¢
; ystem.
1€k e K.

1) Flow balance at the arrival fixes
B. Assumptions and Simplifications Xf+1 =X/ +dl —wl, 1€d, jeJ (1)
In this paper, a deterministic single airport model is consid- with the given initial conditions X X7 is an
ered. It is assumed that the following input data are given: outstanding queue at the end of iime ggﬁtﬁd ie.
* the time period?7" for which the traffic management number of flights assigned to arrival fix that are
problem is to be solved; delayed beyond the peridfi.

+ the airport capacity curves for each time interval of the  According to these equations, the number of flights in
period in accordance with a predicted schedule of runway 3 queue at theth fix at the beginning of thé + 1)th

configurations and weather forecast; interval is equal to the difference between the demand
* the number of arrival and departure fixes and their ca-  at theith interval (which includes the “inherited” queue
pacities; from the previous slots and the original demand for the
* predicted arrival and departure demand for the airportand  sjot) and the number of aircraft left the fix during the
the arrival and departure fixes at each time interval. ith interval.

There are several assumptions and simplifications connecte@) The nonnegativity conditions for the queues (1)
with the arrival and departure fixes.

 All the flights assigned to the arrival fixes land at the same

destination airport and there are no other flights following 3) At each time interval, the total arriving flow (from all

w! <X +dl,  iel, jeld. )

through the arrival fixes to other airports. arrival fixes) can not exceed the runway arrival capacity
¢ All the flights assigned to the departure fixes are origi- Taf
nated from the same airport and there are no other flights w < iel (3)
T = .

crossing the departure fixes which are originated from
other airports.

« A flight, which is assigned to a specific arrival or depar-
ture fix, must fly through the fix and cannot be reassigned Yi’il =YF +ad -2k, icl, keK (4)
to another fix.

« All demands and flows through the fixes are related to ~ With the given initial condition_sYlk. YJ@H_ is an out-
specific time intervals at the airport. standing queue at the end of time perifdi.e., number

of flights assigned to departure fix that are delayed
beyond the period’.
) The nonnegativity of the queues (4)

1

.,
Il

4) Flow balance for departure fixes

The latter makes it easy to match the demand and capacities
of the fixes to the demand and capacities of the airport for eactk’
time interval and hence to keep the demands and flows throug
the fixes and the runways consistent. 2 YR ab, icl, kekK. (5)

For example, ifa] is the arrival demand at the fixfor the o )
time intervali at the airport then the total demang at the ~ 6) At each time interval, the total departing flow (through

airport for the time interval is equal to the sum of demands all departure fixes) cannot exceed the runway departure
at all fixes capacity
naf ) ndf
a; = Zaf Z’“f < ¢ilui), iel (6)
j=1 k=1
wheren, is a number of arrival fixes. 7) At each time interval, the flows through the fixes cannot
Similarly, if d* is the departure demand through the fix exceed the fix capacities
fcirtthhe tilme ip:cerv?rtz a;[. the .aitrporatl] t'hen theI ttotallhdemadgj f w! <FI, icI, jed 7)
at the airport for the time interval is equal to the sum o k< 1k .
demands at all fixes 2 Sy, iel, kekK. (8)
Ny 8) Constraints for runway arrival capacities at each time
di =Y d interval
k=1
0w U, i€l 9)

wherengs is the number of departure fixes.
Similar simplification has been also applied to the traffic whereU; is the upper bound for the arrival capacity at
flows w! and z¥ through the fixes. the ith interval.
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9) The total airport arrival and departure queues at tla the airport over a period’
beginning of the(: + 1)th interval are obtained by

N N
summation of queues at arrival and departure fixes A
. ' minimize| A X, B Y; 14
respectively, oz Zz::l e ; o oo
na'[ . . . . .

X1 = ZXZ‘]H’ iel (10) where A and B are nonneg.at.lve wglght coeﬁ|0|§nt8,w, '
= and z denote the sets of decision variables, the airport arrival
na capacities{u; }, and flows{w;} and {z¥} through the arrival

Yip1 = ZYi’j‘rl, iel (11) and departure fixes, respectively. _
=1 If at the end of time period’ there are no arrival and depar-

ture queues X1 = 0 andYy; = 0) then (14) minimizes

10) The nonnegativity and integrality conditions , i )
) g y gralty also a weighted sum of total arrival and departure aircraft

u;,w!, z¥ are nonnegative and integer flight delays. Generally, there can be outstanding queues at
iel,jeJ keK. (12) the end of period/’, and (14) includes both intermediate and
outstanding queues.
D. Optimization Model The coefficientsA and B in the objective function (14)

Fan have various meanings. For example,and B can

First of all we formulate an optimization criterion. One o : ! :
. . . . denote an average cost of a unit of time of delay for arrivals
the conventional measures of quality of air traffic managemen . . S
. . ) . o and departures, respectively. In this case, (14) minimizes an
is the total aircraft flight delay time, which is calculated as :

) . . average cost of total arrival and departure delays for the set
a sum of delay times of all flights considered. The amount .. .

flights considered.

of delay substantially depends on how well the avaﬂabf()e Another application of coefficients and B is to use them

capacny is utilized to mEEt the traffic demanq, espe.CIa!le control parameters of the model. By varying their values
during the congested periods. Therefore a meaningful criterign

of optimality could be the minimization of total aircraft flightI Is possible to vary relatl\{e |r_npact of.arrlval and .deplarture
. . . o qr%leues or delays in the objective function (14), which in turn
delay time. In case of discrete time, timing accuracy of eac

TR . : .~ “Can affect the optimal strategies of managing traffic flow and
flight is within the range of the time discreteness. In particulaf . : . .
] L . all(?canon of arrival and departure delays at the airport. It is
with 15-min discreteness, the delay time can only be eXPreShvenient to normalize the coefficients by dividin (14) b
through the number of 15-min blocks. y g y

In turn, the total number of 15-min blocks in the total aircra A+ B). Then instead of (14), we can write

flight delay time can be expressed through the queues at the N
end of each 15-min interval of the time peridd A simple miyiLGZizeZ[aXiH + (1 — a@)Yiq1] (15)
analysis of propagation of queues at the end of each 15-min T =1

interval over a period” shows that, if all the flights have bee

assigned within the considered time periBdi.e., there is no The normalization made it possible to reduce number of
outstanding flights left unserved by the end of the period, thf)ﬁrameters from twoA and B) to one ()

the total number of 15-min blocks in the total aircraft fligh Coefficienta varies from zero to one. While increasing the

delay_ tlme Is equal to the sum of_queues at_ the er_nd B e%gight « for cumulative arrival queue in (15), the weight
15-min interval over a period of tim& (we will call it the n\%

lati H the total aircraft fliaht delay fi 1 — o) for cumulative departure queue decreases and vice
cumulative queue). Hence, the total aircraft flight delay ti ersa, so that varying we can increase or decrease an impact

'S equal't(.) the gumulanve queue.multlphed by 15 rm.n.'ln t,h'gf arrival or departure component in the objective function.
case, minimization of total delay is equivalent to mm'mlzat'o'?’herefore it is possible to interpret the coefficientas a

of the cumulative queue, tgadeoff parameter between arrivals and departures. It can be

-IrhT ?L:jeuesthatdt_r;fe end Ol]; etach 12-m|n |3ter\(/jal are _etas 0 associated with the priority rate for arrivals. In extreme
calculated as the difference between demand and capacity Wlgag of, — 1 or o = 0, we give a full priority to arrivals
gueue is equal to zero if demand is less or equal to capacit

X & " departures, respectively, optimizing only arrival or only
A queue shows the number of flights that cannot be served E)arture operations. In case @f= 0.5, we assume equal

a time interval and should be delayed to some later interv iority for arrivals and departures (or give no priority to any

According to .2'1 notation, cur_nulativc_a arrival and dgpartu 5t the two operations), and minimize the sum of cumulative
queues at the airport over a period of tiffieare, respectively, arrival and departure queues or the sum of total aircraft flight
N N delays for all arrival and departure flights at the airport over
ZXH—I and ZYH—I- (13) a period?’. Thus the coefficientx may be used as a policy
=1 =1 parameter that reflects the operational priorities at the airport.
The queuesX;y; and Y;;; can be expressed through There is another application of the coefficientlt is well
demands and capacities by using (1), (4), (10), and (11). known (see, e.g., [10]) that in the real world, the maximum
As an optimality criteria, we will consider the minimum ofarrival capacity is usually less than the maximum departure
a linear function of cumulative arrival and departure queuespacity and thus the airport capacity curves are asymmetric.

"Wherea = A/(A+B),0< a < 1.
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If the difference between maximum arrival and departure There are various methods to obtain the optimal solutions.
capacities is significant, then even for equal priority for arrivalsll numerical results presented in this paper were derived
and departuresof = 0.5 in (15)] the allocation of airport using the integer linear program techniques.
operations for arrivals and departures can be more favorabléfhe decision variables are present in the optimization cri-
to departures. The effect of asymmetry can be compensateda (14)—(17) implicitly. Keeping in mind that the criteria
by increasing parametet above 0.5. (14)—(16) are the the special cases of (17), let us transform the
In (15), coefficienty is constant for all time intervals over aoptimization problem (17), subject to (1)—(12), to another form
period?. In a more general case, the coefficiantan be time- with the decision variables represented explicitly in both the
dependent, i.eq = o, = 1,2,---,N. It may be connected optimization criteria and the constraints. The transformation
with changing operational policies at the airport for some tinie very useful methodologically, because it helps establish
segments of a periol, and assigning various arrival prioritythe equivalence between the minimization of queues and
rates at various time intervals may reflect the changes. Timaximization of flows. The duality relations can be also useful
possibility to vary the parametex makes the model more for computational purposes.
realistic and more flexible in providing alternative solutions. Using the recurrent relationships (1) and (4), the queues at
In this case, criterion (15) transforms to the arrival and departure fixes can be expressed through the
decision variables and through the original demand and initial
(16) conditions as follows:

N

m|n|m|zez @i Xit1 4+ (1 —a;)Yiq] ‘
i=1 ¢ .

X, =X+ dd =S w, tel, jed (19)

where0 < o; < 1. +1 Z Z P

The criterion (16) can be further modified as follows:
N Yh, =Y +de Z iel, keK. (20)
m|n|m|zez Vil Xig1 + (1 — ;) Yiqi] (17)
e Then, instead of inequalities (2) and (5) the following non-
with additional parametes;,i = 1,2, -+, N. negativity conditions for the queues can be obtained directly

The parametery; can be mtroduced to reflect relative from (19) and (20):
importance of or difference in values of various time intervals.
For example, it can be connected with the reliability in Zwl <X’ +Z 1el, jed (21)
predicting the traffic and/or airport capacity. Generally, for
more distant time intervals, that are farther into the future, X X . .
the reliability of the forecast decreases. Therefore for those Zz SV Zdw iel, keK. (22)
intervals the smaller values of can be assigned. p=l =

Criteria (14)—(16) are the special cases of (17) and can beAfter a series of transformations in the criterion (17) using
easily obtained from (17) by the corresponding assignment (@D), (11), (19) and (20), and taking into account the expres-

coefficientsa; and ;. sions (3), (6)—(9), (12), (19) and (20), the optimization problem
For all versions of optimality criteria, the optimization isis formulated as follows:
achieved by controlling arrival and departure flows through N _— nar
the fixes and runways at each time interval through the proper maximize Z o Z w; (1- oy Z z]’f
allocation of arrival and departure resources. wwE T = =1
The decision variables comprise: (23)
+ N airport arrival capacities; (i = 1,2,---,N); )
« (N x ngqs) flows w/ through arrival fixes (i = Subject to
1727"'7N;j:1727"'7naf); i . i
« (N % ng) flows z¥ through departure fixegi = SwlSX{+> al,  iel, jed (24
1,2,---,N;/€I1,2,---,7’Ldf). p=1 p=1
There arelV * (n, s +nq + 1) decision variables altogether. & ; ‘
Now we can formulate the following optimization problem: Z w; S ui, iel (29)
determine the optimal values of airport arrival capacities and ' ‘ ‘
the flows through the arrival and departure fixes which satisfy L. e ,
the optimality criterion (17) [or any other from (14)-(16)], 27;; SYF+ Zd’;, iel, kekK (26)
subject to (1) through (12) ffdfl p=t
After the optimal values of the airport arrival capacitigs k o P
have been determined the corresponding departure capacities ;7” = ¢is), el 27)
v; are determined through the airport capacity curves wf < Ffw icl, jeJ (28)

v; = trunc ¢;(u; ), 1=1,2,---,N. (18) 2F < FE, iel, keK (29)
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u; SU;, el (30) # of dep/15min
307
uz,wf , 2 are nonnegative and integer
1el,jedJke K (32) 204
WhereXf,lqk,Fii,ng,Ui are given nonnegative constants
and ¢;(u) are given nonnegative functionse 1,5 € J, k € 107
K.
The optimization problem (23)—(31) is equivalent to
(1)-(12), (17). It means that the problem (1)—(12), (17) to 0 #Ofm/wmin

minimize a weighted sum of arrival and departure queues at
the airport is equivalent to the problem (23)—(31) to maximizZgg- 3. Airport capacity curves for ORD.
the weighted sum of arrival and departure flows at the airport.

In the case of constant weight coefficien{sand «; (i.e.,  Capacities of the fixes are assumed to be the same for arrival
7 =7, = «) for the entire period of time considered, theyng departure fixes and are equal to ten flights per 15 min for
optimization criteria (23) is transformed to each fix.

N " " Table | shows the predicted arrival and departure demand
.. ‘ ; - J - k at the airport distributed through the fixes for each 15-min
m%’fﬂE'ze;(N i+1) a;w” +{1=a) kz::lzz - 32 interval of the 3-h period.
As we can see from the table, the demands for arrivals and
Criterion (32) corresponds to criterion (15) which minimizedepartures are distributed nonuniformly over the 3-h period
a weighted sum of cumulative arrival and departure queues (eee columns for the airport demands). The highly congested
a weighted sum of total arrival and departure delays) overirgervals are alternated with the relatively quiet ones.
period 7. The first 30 min, from 16:45 to 17:15, are extremely
congested for both arrivals and departures. The arrival and
departure demands for this half hour are 64 (2&8) and
The presented optimization model has been developed6® (36 + 32) flights, respectively, which substantially exceed
the scope of the FAA Advanced Traffic Management Systetine airport capacity. For the next half hour, there is still a
(ATMS). To assess its potential benefits, extensive numerid¢agh arrival demand (71 flights) and relatively low departure
experiments have been performed for several major Ud&mand (24 flights). The following 45 min are characterized
airports using the real data [7]. by low demands (33 arrivals and 34 departures). The demands
In this section, we describe several examples calculatiedrease at the next 45 min (85 arrivals and 89 departures).
for the Chicago O’Hare International Airport (ORD), one offhe last half hour is relatively calm with 25 arrival and 14
the busiest airports. Heavy traffic was predicted over the 8eparture flights in demand.
h period on February 12, 1993 from 16:45 to 19:45 local Below we present some computational results of the op-
time. During this period, four arrival fixes and four departurémization problem (32), subject to (1) through (12), for the
fixes were supposed to be used for the incoming and outgoithgmand data presented in Table | with the following values of
flows, respectively. The airport has six runways that are ustte parametersV = 12 (12 intervals of 15-min each in the 3-h
in different combinations or runway configurations. Some gderiod),n,; = nq; = 4 (four arrival and four departure fixes).
the configurations allow the arrival/departure tradeoff within The results include the optimal strategies of managing the
certain limits and some of them do not. In this section, warrival and departure flows calculated separately for two values
suppose that during the 3-h period, a runway configuratiaf parameterx (0.5 and 0.7) and for two weather scenarios,
with the tradeoff capability will be used. which were forecasted for the 3-h period. The weather was
The airport capacity curves for VFR and IFR operationaaken into account in the optimization model by using the VFR
conditions are shown in Fig. 3. The coordinates of vertices ahd IFR capacity curves from Fig. 3 at the corresponding time
the curves show some capacity values (the first number corsegments. For each strategy, the arrival and departure queues
sponds to the arrival capacity). For example, the coordinateere calculated. To illustrate the propagation of the queues at
of vertices of the VFR curve (17, 30), (24, 24), and (28, 15he airport and fixes over a 3-h period, the numerical results
show that under the maximum departure capacity of 30 flighase shown in separate tables.
per 15 min, the arrival capacity is equal to 17 flights per 15
min. Under the maximum arrival capacity of 28 flights per .
15 min, the departure capacity is 15 flights per 15 min. Fory VFR Weather Conditions
50/50 arrival-departure mix, the airport capacities for arrivals Case 1: Arrival Priority Ratex = 0.5: The optimal solu-
and departures are identical and equal to 24 flights per 15 ntilon for this case is shown in Table li(a). The table contains
According to Fig. 3, the IFR capacities are approximately 30%e optimal allocation of arrival and departure flows at the
less than VFR capacities. airport and the distribution of the flows through the fixes at

IV. NUMERICAL EXAMPLES
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TABLE |
ARRIVAL DEMAND DEPARTURE DEMAND
TIME FIXES AIRPORT FIXES AIRPORT
1 2 3 4 |(TOTAL) | 1 2 3 4 | (TOTAL)
1645-17:00) 10 | 11 | 1| 4 26 99 [ 9] 09 36
17:00-17:15| 13 | 14 | s [ 6 38 8 | 8 8 | 8 32
17151730 15 [ 12 | 7 | 8 4 212 | 213 9
17:30-1745) 9 [ 15 | 2| 3 29 4 | a | a3 15
1745800 2 [ 2 | 2] o 6 212 | 2|1 7
18:00-18:15 1 | 1 5| 6 13 1| 3 3| 3 10
1815-1830] 4 [ o [ a | 6 14 4 |4 | a]s 17
18:30-1845| 2 [ 3 [ 7| 8 20 9 | 8 | 8| s 33
18:45-19:00 5 [ 2 [ 14| 19 40 s |8 |10 8 34
19:00-19:15) 2 | 2 | 12 25 s |7 5| s 22
19:15-1930| 3 | 6 | 2 13 3 | 3 3| 4 13
19:30-1945( 2 | 6 4 12 1o fo]o 1
TOTAL | 68 | 74 [ 61 | 75 | 278 s6 | 58 | 58| 57 | 22

each 15-min interval. The weather conditions are expressedamival delay was reduced from 143 to 94 15-min intervals

terms of the operational category in the OP. CAT. column. (more than 34%); the maximum arrival queue at the airport
Optimal values of airport capacities are shown in two rightvas reduced from 37 to 26. This effect was achieved due

hand columns. As we can see from the table, the optimal the rational allocation of arrival capacities at each 15-min

airport capacities are not constant over the period of tinieterval without dramatic increase in the total (cumulative)

considered. They vary to best satisfy the original demand Byrival capacity.

trading off the arrival and departure operations at each 15-minAt the same time, the cumulative departure capacity is

interval. decreased from 279 to 256, the total departure delay increased
The queue values at the airport and at the fixes at the €ffm 77 to 185 15-min intervals, and the maximum departure
of each 15-min interval are presented in Table II(b). gueue increased from 20 to 32. Nevertheless, the whole

Table 11(b) shows that the original demand has been satisfi@@parture demand as well as arrival demand is satisfied so
ture queues at the end of the last 15-min interval. Cumulati¥dthin the 3-h period. _ _
arrival and departure queues at the end of the 3-h period aré)ther strategies of the utilization of runways and fix capaci-

143 and 77 flights, respectively. It also means that the tofifS ¢an be obtained by varying parametef his would allow

arrival delay and the total departure delay are, respectiveﬂﬁraﬁic manager to generate several alternative strategies and
c

equal to 143 and 77 15-min intervals. oose the best of them.
Case 2: Arrival Priority Ratex = 0.7: Let us increase the

arrival priority rate from 0.5 to 0.7 to get a new optimal

strategy for managing the flows that is more favorable ®. Changeable Weather

arrivals. _ _ . Consider another weather scenario. Suppose that according
Fora = 0.7, the optimal values of airport capacities and thg, the weather forecast the IFR conditions are predicted for
flows through the fixes and the airport are presented in Talg first hour of the 3-h period, and the VFR conditions for
lli(a). The corresponding queues are shown in Table IlI(b). the remaining 2 h.
Increasing the value of parametefrom 0.5 to 0.7 changed case 3: Changeable Weather, Arrival Priority Rate= 0.5:
the allocation of arrival and departure capacities at the airpqtie optimal values of airport capacities and the flows through
at each 15-min interval and, as a result, changed the allocatipg fixes and the airport for = 0.5 are presented in Table
of arrival and departure flows at runways and the distributiqi(a). The corresponding queues are shown in Table IV(b).
of flows through the fixes. The arrival operations have beenTables IV(a) and IV(b) reflect the effect of reduced airport
improved at the expense of departures. capacity during the first hour on the overall optimal strategy
Although, according to Tables Il(a) and lli(a), the cumuef managing traffic through the runways and fixes.
lative arrival capacity increased insignificantly (from 281 to The reduction resulted in a significant increase of the arrival
286), the arrival queues, and, hence, the total arrival deland departure queues at the end of the first hour in comparison
decreased significantly [see Tables ll(b) and lli(b)]. The totalith the VFR conditions. The arrival queue increased from
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(a) OpTIMAL SoLuTioN FOR ORD (VFR,-I-(,:_\B:L%.»IBI). (b) Queues AT ORD (VFR, o = 0.5)
OP. ARRIVAL FLOW DEPARTURE FLOW AIRPORT
TIME | CAT FIXES AIRPORT FIXES AIRPORT] Y
1 2 | 3| 4 |@oTan | 4 2 | 3 | 4 |(TOTAL) |ARR [DEP
16:45-17:00 9 | 10 1 4 24 6 6 6 6 24 24 | 24
17:00-17:15§ VFR | 10 | 10 3 1 24 6 6 6 6 24 24 | 24
17:15-17:30 § | 10 2| 4 24 6 6 6 6 24 24 | 24
17:30-17:45 g8 | 10 3 5 26 5 5 5 4 19 26 | 19
17:45-18:00 10 | 10 4 | 4 28 2 2 2 2 8 28 | 15
18:00-18:15 5 5 9 9 28 1 3 3 3 10 28 | 15
18:15-18:30 4 0 4| 6 14 4 4 4 5 17 17 | 30
18:30-18:45 2 3 7 8 20 7 7 7 6 27 20 | 27
18:45-19:00 3 1 10 | 10 24 6 5 7 6 24 24 | 24
19:00-19:15 3 1 10 | 10 24 6 6 6 6 24 24 | 24
19:15-19:30 2 5 7] 10 24 6 6 6 6 24 24 | 24
19:30-19:45 4 9 1 4 18 1 2 0 1 4 18 | 29
TOTAL 68 | 74 |61 | 75 278 56 | 58 | 58 | 57 1 229 281 | 279
(@)
ARRIVAL QUEUES DEPARTURE QUEUES
TIME FIXES AIRPORT FIXES AIRPORT
1 2 3 | 4 [TOTAD) | 2 3 | 4 |(TOTAL)
16:45-17:00| 1 1 0] o 2 3 3 3 3 12
17:00-17:15| 4 5 2 5 16 5 5 5 5 20
17:15-17:30| 11 7 7 9 34 1 1 1 2 5
17:30-17:45| 12 | 12 6 | 7 37 0 0 0 1 1
17:45-18:00( 4 4 4 3 15 0 0 0 0 0
18:00-18:15| 0 0 0] 0 0 0 0 0 0
18:15-18:30 © 0 0 o 0 0 0 0 0
18:30-18:45( © 0 o] o 2 1 1 2 6
18:45-19:00| 2 1 4|9 16 4 4 4 4 16
19:00-19:15} 1 2 6 8 17 3 5 3 3 14
19:15-19:30| 2 3 1 0 6 0 2 0 1 3
19:30-19:45( 0© 0 0 0 0 0 0 0] o0 0
TOTAL 3735 |39 | 41 143 18 |21 17|21 77
(b)

37 to 67 flights, and departure queue increased from 1 to 24f the outstanding arrival queue of eight flights is not
flights [see Tables li(b) and IV(b)]. satisfactory for a traffic manager, it is possible to obtain the
Significant reduction in the airport capacity during the firstlternative strategies which are more favorable to arrivals by
hour affected the total airport operations for the 3-h period. Bicreasing parameter. The quantitative effect of increasing
cause of the reduction, total arrival and departure queues dhd arrival priority rate from 0.5 to 0.7 to improve the arrival
delays increased dramatically. Moreover, the arrival demangerations is illustrated in Tables V(a) and V(b).
was not completely satisfied within the 3-h period, and at the The comparison of optimal solutions fax = 0.5 and
end of the period eight arrival flights left unserved [see Tabte = 0.7 from Tables IV(a) and V(a) shows that during the
IV(b)]. At the same time the departure demand was completdlgst hour under the IFR conditions, the optimal arrival capacity
satisfied, and there is no outstanding departure queue at itteased from 68 to 80 flights/h, and the departure capacity
end of the 3-h period. decreased from 68 to 44 flights/h. As a result, by the end of
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TABLE Il
(a) OpTiMAL SoruTioN FOR ORD (VFR, a = 0.7). (b) Queues AT ORD (VFR,a = 0.7)
OP. ARRIVAL FLOW DEPARTURE FLOW AIRPORT
TIME | CAT. FIXES AIRPORT FIXES arrport] STACTY
1 2| 3| 4 [(MOTAL) [ 2 | 3 ]| 4 |(TOTAL) |ARR |DEP
16:45-17:00 10 [1w0] 1] 4 25 s | s s | s 21 25 | 21
17:00-17:15| VER | 10 [ 10 [ 4 | 4 28 4 | 4 4| 3 15 28 | 15
17:15-17:30 10 |1w]| 3]s 28 3| 4 4] 4 15 28 | 15
17:30-17:45 10 |1w]| 3]s 28 4 | 4 4| 3 15 28 | 15
17:45-18:00 9 |10 | 6] 3 28 4 | 4 4| 3 15 28 | 15
18:00-18:15 14 s s | 6 17 6 | 7 717 27 17 | 30
18:15-18:30 alo 4| 6 14 4 | 4 4|6 18 17 | 30
18:30-18:45 2 | 3 7| 8 20 7|7 7] 6 27 20 | 27
18:45-19:00 s 2 [1w0] 10 27 4 | 4 s | 4 17 27 | 17
19:00-19:15 2 2 |10] 10 24 6 | 6 6 | 6 24 24 | 24
19:15-19:30 3 | s 8 | 10 27 4 | 4 4| s 17 27 | 17
19:30-19:45 2 | 6 0l 4 12 5| s 4 | 4 18 17 | 30
TOTAL 68 | 74 |61 | 75 | 278 s6 | 58 | 58|57 | 229 286 | 256
(@
ARRIVAL QUEUES DEPARTURE QUEUES
TIME FIXES AIRPORT FIXES AIRPORT
1 2| 3| 4 |[(TOTAL) | ¢ 2 3 | 4 |(TOTAL)
16:45-17:00| © 1 o o 1 4 | 4 4| 3 15
17:00-17:15] 3 1| 2 11 8 | 8 8 | 8 32
17:15-17:30| 8 | 7 51 s 25 716 6 | 7 26
17301745 7 | 12 | 4| 3 26 716 6 | 7 26
17451800 o | 4 [ o] o 4 s |a|als 18
18:00-18:15] 0 | © o o 0| o 0ol 1
18:15-1830] 0 | © o o 0] o o | o 0
18:30-18:45) o | o 0] o 2 |1 1| 2
18:45-19000 o | o | 4 | 9 13 6 | 5 6 | 6 23
19:00-19:15] 0 | © 6| 8 14 s | e s | s 21
19:15-19:30| 0 | © o] o 0 4| s 4 | a 17
19:30-19:45{ 0 | 0 0] o 0 oo 0] o0 0
TOTAL 18] 20 [20] 27 94 48 | 45 | 44 | 48 185
(b)

the first hour the arrival queue decreased from 67 to 55 flightgas achieved at the expense of the departure operations.

but the departure queue increased from 24 to 48 flights [deeparture demand was not completely satisfied within the 3-h

Tables IV(b) and V(b)]. period, and at the end of the period, the outstanding departure
Increasing the arrival priority rate from 0.5 to 0.7 providedueue increased from zero to seven flights. Additionally, the

the optimal capacity allocation which improved the overaﬁ_“m_u_lative departure queue and total departure delay increased

arrival operations during the 3-h period. At the end of th&gnificantly.

period the total arrival demand was completely satisfied,

the cumulative arrival queue decreased from 386 to 2%z Effect of Fix Constraints on Utilization of Airport Capacity

flights and the total arrival delay decreased from at leastin this section we illustrate the effect of a finite capacity

386 to 257 15-min intervals. This improvement, howeveqgf near-terminal airspace, in particular, the limited capacity of
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(a) OpTiMAL SoLuTioN ForR ORD (VFR AND IFRTgBiEO.I»;/). (b) QueEues AT ORD (VFR AND IFR, a = 0.5)
OP. ARRIVAL FLOW DEPARTURE FLOW AIRPORT
TIME | CAT FIXES AIRPORT FIXES ARPORT| Y
] 2 3 4 | (TOTAL) [ 2 3 | 4 |(TOTAL) | ARR |DEP
16:45-17:00 7 9 0 1 17 4 4 4 5 17 17 | 17
17:00-17:15 | IFR 7 7 2 1 17 4 4 5 4 17 17 17
17:15-17:30 6 4 3 4 17 5 5 3 4 17 17 17
17:30-17:45 5 9 1 2 17 4 4 5 4 17 17 17
17:45-18:00 10 10 2 2 4 6 6 6 6 24 24 | 24
18:00-18:15 VER 7 6 4 10 27 3 5 5 4 17 27 17
18:15-18:30 5 3 9 10 27 4 4 4 5 17 27 17
18:30-18:45 2 3 9 10 24 6 6 6 6 24 24 24
18:45-19:00 4 2 8 10 4 6 6 7 5 24 24 24
19:00-19:15 3 2 10 9 24 6 6 6 6 24 24 24
19:15-19:30 4 7 6 24 6 6 6 6 24 24 24
19:30-19:45 6 10 4 8 28 2 2 1 2 7 28 15
TOTAL 66 | 72 | 59 73 270 56 58 58 | 57 229 270 | 237
@)
ARRIVAL QUEUES DEPARTURE QUEUES
TIME FIXES AIRPORT FIXES AIRPORT
1 2 3 4 |(TOTAL) [ 1 2 3 4 | (TOTAL)
16:45-17:00f 3 2 1 3 9 5 5 5 4 19
17:.00-17:15|1 9 9 4 8 30 9 9 8 8 34
17:15-17:30| 18 17 8 | 12 55 6 6 7 7 26
17:30-17:451 22 23 9 13 67 6 6 6 6 24
17:45-18:00{ 14 15 9 11 49 2 2 2 1 7
18:00-18:15| 8 10 10 7 35 0 0 0 0 0
18:15-18:30| 7 7 5 3 22 0 0 0 0 0
18:30-18:45{ 7 7 1 18 3 2 2 2 9
18:45-19:00f 8 7 9 10 34 5 4 5 5 19
19:00-19:15] 7 7 11 10 35 4 5 4 4 17
19:15-19:30] 6 6 6 6 24 1 2 1 2 6
19:30-19:45| 2 2 2 2 8 0 0 0 0 0
TOTAL 1 112 | 77 86 380 41 41 40 | 39 161

(b)

arrival and departure fixes, on the utilization of the runways In this table, the values that are different in both cases are
capacity. shown by the bold font.

The effect is illustrated in the scope of the above exam- The difference in optimal results for the first 15-min interval
ples by comparison of the optimal allocation of arrival andan be easily explained, if we calculate the maximum flow
departure traffic flows at the airport and delays under VFRrough the fixes, using demand data from Table . Maximum
conditions in two cases: 1) limited capacity of fixes (tearrival flows through the fixes with unlimited and limited (ten
flights per 15 min for each fix) and 2) unlimited capacity oflights per 15 min) capacities are equal to 26 and 25 flights,
fixes. respectively. Both values are within the limits of runway

Table VI shows the optimal values of total airport traffi@rrival capacity. However, because of fix constraints, the
flows and queues at each 15-min interval calculated undmiginal demand of 26 arrival flights could not be completely
limited and unlimited capacities of fixes for = 0.7. satisfied. Maximum flow through departure fixes is the same in
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(a) OpTiMAL SoLuTioN ForR ORD (VFR AND IFRTSB:LEO%. (b) QueEues AT ORD (VFR AND IFR, & = 0.7)
OP. ARRIVAL FLOW DEPARTURE FLOW AIRPORT
TiME | CAT FIXES AIRPORT FIXES AIRPORT] Y
1 2 3 | 4 |@ortany | 4 0 3 4 | (TOTAL) | ARR |DEP
16:45-17:00 8 10 0 2 20 3 3 3 2 11 20 | 11
17:00-17:15| IFR 8 1 2 20 3 3 2 3 11 20 | 11
17:15-17:30 8 3 5 20 2 2 3 4 11 20 | n
17:30-17:45 4 10 3 3 20 3 3 3 2 1 20 1 11
17:45-18:00 10 | 10 4 4 28 4 4 4 3 15 28 | 15
18:00-18:15 VER 7 7 6 6 26 4 5 5 5 19 26 | 19
18:15-18:30 4 5 71 8 24 5 6 6 7 24 24 | 24
18:30-18:45 4 1 9 | 10 24 6 6 6 6 24 24 | 24
18:45-19:00 5 2 7 | 10 24 6 5 7 6 24 24 | 24
19:00-19:15 3 2 10| 9 24 6 7 6 5 24 24 | u
19:15-19:30 2 5 8 9 24 6 6 6 6 24 24 | 24
19:30-19:45 5 9 3 7 24 6 6 6 6 24 24 | 24
TOTAL 68 | 714 |61 | 75 278 54 | 56 |57 )5 | 222 278 | 223
(@)
ARRIVAL QUEUES DEPARTURE QUEUES
TIME FIXES AIRPORT FIXES AIRPORT
1 2 3 4 |(@TOTAL) | 1 2 3 4 | (TOTAL)
16:45-17:00| 2 1 1 2 6 6 6 6 7 25
17:00-17:15| 7 6 5 6 24 1m {1 |12 |12 46
17:15-17:30| 14 14 9 | 9 46 i | n 11| 1n 44
17:30-17:45| 19 | 19 8| 9 55 12 112 | 12 ] 12 48
17:45-18:00 11 | 11 6 | 5 33 10 | 10 10 | 10 40
18:00-18:15 5 5 5 5 20 7 8 8 8 31
18:15-18:30 5 0 2 3 10 6 6 6 6 24
18:30-18:45| 3 2 0 1 6 9 8 8 8 33
18:45-19:00| 3 2 7 | 10 22 1 |11 |11 |10 43
19:00-19:15| 2 2 9 | 10 23 10 [ 11 [10 | 10 41
19:15-19:30| 3 3 3 3 12 7 8 7 8 30
19:30-19:45| 0© 0 0 0 0 2 2 1 2 7
TOTAL 74 | 65 | 55 | 63 257 102 | 104 | 102| 104 | 412
(b)

both cases and equal to 36 flights, which exceed the runwadgparture traffic. The quantitative effect is illustrated in Table
departure capacity. Reduction in arrival flow from 26 to 2¥Il, where the total arrival and departure delays are shown.
flights was compensated for by increasing departure flow fram case of unlimited capacity of fixes, the total arrival and
19 to 21 flights due to the tradeoff between runway arrival amt&parture delay times are equal to 85 and 203 15-min intervals,
departure capacities. Similar situations affected the optimalspectively. Under the limited capacity of fixes, the optimal
solutions for some of the subsequent intervals as shown in gwution provides greater total arrival delay of 94 intervals.
remainder of Table VI. At the same time the total departure delay is reduced from

The difference in optimal allocation of airport capacity203 to 185 intervals. The optimization procedure automatically
and its utilization for the limited and unlimited capacity ofreallocates the airport arrival and departure resources because
fixes resulted in different quality of managing the arrival andf the fixes constraints.
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TABLE VI
OPTIMAL ALLOATION OF ARRIVAL AND DEPARTURE FLOWS AND QUEUES (o = 0.7)
" UNLIMITED CAPACITY OF FIXES " LIMITED CAPACITY OF FIXES
TIME TRAFFIC FLOW QUEUES TRAFFIC FLOW QUEUES
ARR DEP ARR DEP ARR DEP ARR DEP
16:45-17:00 26 19 0 17 25 21 1 15
17:00-17:15 28 15 10 34 28 15 11 k7]
17:15-17:30 28 15 24 28 28 15 25 26
17:30-17:45| 28 15 25 28 28 15 26 26
17:45-18:00 28 15 3 20 28 15 4 18
18:00-18:15 16 30 0 0 17 27 0 1
18:15-18:30| 14 17 0 0 14 18
18:30-18:45( 20 27 0 6 20 27
18:45-19:00] 28 15 12 25 27 17 13 23
19:00-19:15] 26 19 11 28 24 24 14 21
19:15-19:30| 24 24 0 17 27 17 0 17
19:30-19:45| 12 18 0 0 12 18 0 0
TOTAL 278 229 85 203 278 229 94 185
For equal arrival and departure prioriti€¢a = 0.5), the TABLE VI
optimal allocation of airport capacity proved to be the same TotaL DELay TIMES FOR o = 0.7
for the limited and unlimited capacity of fixes. In this case the
capacity of fixes of ten flights per 15 min was not restrictive Unlimited | Limited
for the utilization of runway capacity. The optimal values ;‘EPS;ZZ Z?pgilc:y
of arrival and departure flows and the airport capacities are
presented in Table I1(a). foraldelay vl g5 o4
These exampl_es iIIustratg the abiliti(_as of the_ _ prqposed (number of
model to determine the optimal strategies for utilization of 15-minute | Departure| 203 185
the operational resources at the airport and near-terminal intervals)
airspace in accordance with the dynamics of traffic demands
and weather. They also illustrate how these resources interact
to provide the optimal traffic flow at airports. ACKNOWLEDGMENT
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